Management of renovascular hypertension remains controversial and problematic, in part, due to failure of prospective trials to demonstrate added benefit to revascularization.
INTRODUCTION
Although renovascular hypertension (RVH) remains the prototype of 'secondary' hypertension, its management remains intensely controversial. For many years, initial evaluation of the hypertensive patient usually included some form of diagnostic testing to exclude underlying renal arterial stenosis based on the assumption that such lesions should be corrected, usually with surgical revascularization. Most argue that development of effective and well tolerated antihypertensive drug therapy, however, has rendered some of these strategies obsolete. Most RVH is now treated with antihypertensive drugs primarily. Some question whether renal revascularization is ever necessary or warranted. Medical management of hypertension and atherosclerotic disease thus has changed the landscape of RVH. Since this topic was last reviewed in this Journal [1] and elsewhere [2] , no major new trial data have been presented. There have been several recent 'systematic' and other reviews of the published data [ Why, then, is the question still unresolved? Some argue that published trial data are flawed and subject to selection bias that partly accounts for major differences between positive observational reports and clinical experience as compared to these negative trials [6] . Many clinicians continue to identify patients with progressive loss of kidney function and/or episodes of circulatory congestion ('flash pulmonary edema') that improve substantially after restoring blood supply to the kidney [7] [8] [9] . Additional trials comparing medical therapy to revascularization continue to be proposed and undertaken [10] , specifically addressing changes in individual kidney function, as well as cardiovascular outcomes. One cannot completely overcome a 'face validity' problem insofar as ignoring progressive vascular occlusion leading to loss of kidney function and volume control seems unreasonably nihilistic and self-defeating.
There is undoubtedly still an important role for renal revascularization for selected patients with RVH. An important corollary to this point is that recent data underscore some fundamental changes in our understanding of renovascular disease (RVD). Experimental and clinical investigations of RVH demonstrate complex pathways of microvascular and inflammatory injury that may modify the role of renal revascularization and emphasize the need for adjunctive measures to repair kidney structures beyond vascular occlusion.
MEDICAL THERAPY OF HYPERTENSION WITH RENOVASCULAR DISEASE
Atherosclerotic RVD can be viewed as a 'biomarker' for cardiovascular disease risk, and is highly prevalent in older patients with heart failure. Bourantas et al. [11] characterized 366 patients in a community heart failure clinic in the UK as regards clinical parameters and the prevalence of RVD. One hundred and twelve (31%) had more than 50% occlusion, of which 41 (36.6%) were bilateral. Only a fraction of each group was considered 'severe' (more than 70% lumen occlusion by magnetic resonance angiography). Not surprisingly, those with RVD were older, more hypertensive, and had a greater prevalence of estimated glomerular filtration rate (eGFR) below 60 ml/min/1.73 m 2 : 85% with RVD as compared to 39% without RVD (P < 0.001). Survival over 5 years of follow-up was markedly worse in the RVD group. By contrast, recent reports of fibromuscular dysplasia (FMD) indicate younger ages, continued predominance of women (91%), relatively preserved GFR, and better blood pressure response to renal angioplasty (rarely with the application of stents) [12] .
Hence, recent authors, and guideline recommendations emphasize the need for vigorous risk factor management for atherosclerotic disease, including blood pressure control, lipid management with statins, withholding tobacco use, and aspirin [13] . Antihypertensive drug therapy is now effective in achieving goal blood pressure levels in most patients. Crossover rates from medical therapy to renal revascularization in recent trials appear to have fallen in recent years from 44% [in the Dutch Renal Artery Stenosis Intervention Cooperative (DRASTIC) trial] to 8-10% in the Angioplasty and Stenting for Renal Artery Lesions (ASTRAL) and Stent Placement in Patients With Atherosclerotic Renal Artery Stenosis and Impaired Renal Function (STAR) trials [3 & ]. Part of the increased effectiveness of medical therapy derives from wider application of blockade of the renin-angiotensin-aldosterone system (RAAS) for RVH. In a prospective, observational report from a registry in the UK, 621 patients were analyzed over a 10-year period from 1999 to 2009, regarding the tolerability and utility of renin-angiotensin blockade with either angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) therapy [14 && ]. Of these, RAAS blockade was tolerated without difficulty in 357 of 378 treated patients (92%), including 54/69 (78.3%) of those with bilateral high-grade (>60% occlusion) renal artery stenosis. When the characteristics and outcomes of 243 similarly followed patients treated without RAAS blockade were defined, similar blood pressures were achieved [150/79 mmHg (no ACE/ ARB) vs. 149/76 (ACE/ARB) mmHg]; those treated with ACE/ARBs were less likely to die [hazard ratio 0.61 (0.40-0.91) P ¼ 0.02], despite having higher prevalence of diabetes (38 vs. 28%; P ¼ 0.0007). The US Cardiovascular Outcomes for Renal Atherosclerotic Lesions (CORAL) trial mandated treatment with an ARB. Previous registry data indicate that RVD patients treated with agents blocking the RAAS have a survival advantage during long-term therapy [15] . Preliminary reports from CORAL again indicate that the majority of patients tolerated this class of drug and achieved goal blood pressures, although outcome data from this trial have yet to be presented. Observational series report that eGFR is more likely to fall (À16.5 ml/min) in medically treated patients as compared to À4.5 ml/min in revascularized patients during more than 30 months of follow-up [16] . A separate report argued that differences in GFR attributed to stenting disappeared after adjusting for baseline confounders
KEY POINTS
Recent trials support antihypertensive drug therapy as initial management for renovascular hypertension.
Subsets of patients with refractory hypertension, episodes of pulmonary edema, and/or progressive renal failure may benefit from renal stenting.
Although many patients preserve oxygenation, severe renovascular disease induces hypoxia and inflammatory injury that may progress despite restoration of vessel patency.
Experimental studies indicate that cell-based therapy may assist repair of microvascular structures and recovery of kidney function.
[8], although medical therapy was somewhat less effective regarding blood pressure control.
How should one manage patients who do not tolerate RAAS blockade? From the study of Chrysochou et al. [14 && ] noted above, a modest number of patients (n ¼ 21) failed to tolerate RAAS blockade due to acute deterioration of GFR. Of that group, 16 were revascularized and tolerated re-introduction of these agents without difficulty [14 && ]. A separate study indicated that patients with RVH had prolonged QT intervals during medical therapy as compared to essential hypertension [17] . Twenty-four of these underwent renal artery stenting with normalization of the QT interval. Patients from these studies represent subgroups for which renal revascularization plays an important role in management.
Does medical therapy lead to deterioration of kidney function related to ischemic nephropathy? Experimental studies in rats indicate that despite reduction in blood flow, cortico-medullary oxygen gradients often remain stable in RVD [18] . Human studies using single-kidney measures of cortical and medullary perfusion combined with blood oxygen level-dependent (BOLD) magnetic resonance (MRI) also demonstrate preservation of tissue oxygenation in humans with moderate RVD during antihypertensive drug therapy (see accompanying review of BOLD MRI by Gloviczki et al. [19 && ]). Mean oscillometric SBP levels averaged 130/70 mmHg during these studies. The authors argue that even RVD sufficient to reduce blood flow and GFR and to activate the RAAS can be associated with preserved tissue oxygenation. These findings may explain the relative stability of renal function observed in many medically treated patients with moderate RVH, as reported in ASTRAL.
A subsequent study from the same group identified patients with more severe renovascular occlusion that developed overt cortical hypoxia and widening 'fractional tissue' hypoxia during antihypertensive drug therapy [20] . For such patients, severely reduced blood flows overwhelm 'adaptive' mechanisms and produce true hypoxia. Recent studies that included transjugular kidney biopsies obtained from patients with moderate and more severe RVD demonstrate accumulation of inflammatory macrophages, T-lymphocytes, and widespread activation of fibrogenic cytokines such as transforming growth factor (TGF)-b [21 && ]. Taken together, these studies do suggest that reductions in blood flow eventually reach and exceed the limits of tolerability, leading to tissue hypoxia, inflammatory injury, and kidney damage.
How often does medical therapy fail to adequately control blood pressure? This is difficult to establish from published reports. Fifty-two patients were reported that presented to emergency facilities with either hypertensive emergencies (n ¼ 13), hypertensive 'urgency' (n ¼ 25), or symptomatic angina (n ¼ 13) [7] . The blood pressure response to revascularization in these patients was predicted most accurately by the number of pretreatment medications, whereas symptomatic angina was a negative predictor of blood pressure response.
INTERVENTIONAL THERAPY FOR RENAL ARTERY STENOSIS
Results from the prospective trials reported up to 2010 failed to identify advantages of renal revascularization as compared to medical therapy, either for blood pressure control or renal functional recovery. These results have shifted the bias away from interventional procedures such as stent therapy. In both ASTRAL and STAR trials, no differences in blood pressure or renal function were identified during follow-up in the stented group as compared to those treated with medical therapy alone. These trials have been criticized for selection bias related to inclusion of patients with minor RVD [6, 22] .
'Flash pulmonary edema' sometimes develops in patients with RVH ( Fig. 1) . Mechanisms underlying a sudden development of circulatory congestion include a rapid rise of arterial pressure -and therefore afterload -that leads to precipitous ventricular dysfunction and a rise in pulmonary pressures [23] . For these individuals, medical therapy often is associated with treatment failure, whereas successful renal revascularization is associated with reduced recurrence and hospitalization episodes [9, 23] . One such case had marked improvement in blood pressure levels associated with an increase in cardiac ejection fraction from 39 to 65%, and reduced left-ventricular mass [24] . A separate study by van den Berg et al. [5 & ] summarized reports of renal revascularization for RVD associated with congestive heart failure (CHF). The authors included 25 articles identifying 79 patients with RVD and 'flash' pulmonary edema and an additional seven with 94 patients identified with RVD, CHF, and renal insufficiency. Seventy-six per cent of patients had no further episodes of flash pulmonary edema after technically successful revascularization. Recurrent symptoms were associated with arterial restenosis or cardiac arrhythmias. Overall severity of heart failure symptoms, usually expressed as New York Heart Association functional class, improved after revascularization. Whereas the authors classify the level of evidence as 'low', few clinicians would dispute the major therapeutic benefits of renal revascularization for some individuals experiencing recurrent episodes of circulatory congestion with bilateral RVD or stenosis to a solitary functioning kidney (see Fig. 1 ).
Does renal artery stenting improve kidney function in patients with 'ischemic nephropathy'? Changes in renal function were the endpoints for several of the negative trials, including STAR and ASTRAL trials. However, one can question whether modest effects on renal function (these recent trials set the goal of detecting a 20% change) can actually be identified using current methods, particularly in an asymmetric disorder such as RVD. Prospectively obtained estimates of GFR using several prediction equations (Modification of Diet in Renal Disease, Chronic Kidney Disease-EPI, 1/S-creatinine, and Cockcroft-Gault) were reported from 254 patients examined repeatedly to obtain 541 measurements. These estimates were compared with near-simultaneous formal measurements of GFR using iothalamate clearances as a measure of GFR, specifically to examine whether these measurements could reliably identify a 20% change in function proposed as an outcome measure. Although group mean values were similar with these methods (average values ranged from 48.8 to 53.2 ml/min/1.72 m 2 , and correlations yielded R 2 values between 0.76 and 0.83), classification of stages for CKD was poor, leading to misclassification in 24.6-33.3% of patients [25] . Perhaps most problematic was the error in determining trends and magnitude of change on serial measurements, with R 2 values falling between 0.31 and 0.33. The actual direction of change (i.e. whether GFR was actually increasing or decreasing) was discordant between estimates and measured values in 28-40% of cases. Part of these discordant estimates may reflect the recognized variability in serum creatinine in RVD. Some would argue that these results fatally undermine the validity of eGFR as a method to evaluate changes in kidney function at these levels [26] .
CHANGING CONCEPTS OF INJURY FROM RENOVASCULAR DISEASE
Perhaps the most important lesson from recent studies of atherosclerotic renal artery stenosis is the recognition of the limits of adaptation, with more severe vascular occlusion leading ultimately to overt hypoxia and activation of inflammatory injury pathways as part of microvascular rarification. ]. Avoiding the downstream effects of TGF-b by studying a Smad3 knockout mouse strain demonstrated remarkable protection from histologic injury in a murine model [28] . Kotliar et al. [29] presented a series of vascular samples obtained from humans with atherosclerotic RVD. These samples contained increased numbers of T cells with CD3, CD4, CD83, and CD86 characteristics in early atherosclerotic vascular lesions as well as in peripheral blood [29] . Taken together, these studies suggest activation of immune pathways, both in vascular tissue and in the kidney parenchyma, during the course of developing atherosclerotic RVD. Once these pathways have been activated, restoring renal blood flow alone by renal artery stenting is associated with persistent cortical atrophy in swine models [30] . Such experimental studies extend and reinforce prior reports of progressive renal injury despite restoration of blood flow reported after both surgical [31] and/or endovascular treatment [32] .
Studies of human kidney biopsies and nephrectomy
Several recent experimental studies indicate that reversing microvascular loss and inflammatory injury can be achieved by addressing these pathways directly. Intra-renal administration of vascular endothelial-derived growth factor (VEGF) is associated with recovery of renal blood flow and function in a swine model of atherosclerotic renal artery stenosis [33] . Previous studies suggest that even without revascularization, direct renal administration of endothelial progenitor cells alone is capable of inducing microvascular repair [34] . Similarly, arterial infusion of mesenchymal stem cells (MSCs)/stromal cells is associated with restoration of microvascular structures and improvement in kidney function not attainable with restoring blood flow alone [35 && ]. MSC treatment is associated with measurable reductions in oxidative stress, monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-a (TNF-a) that were not observed with revascularization alone. Measurement of tissue fibrosis and the number of apoptotic cells is substantially lower in animals treated with percutaneous transluminal renal angioplasty (PTRA) combined with MSCs as compared to those with PTRA alone. These data argue that multiple injury pathways within the kidney parenchyma can be modulated by co-administration of MSCs to restore microvascular and functional integrity that is not achieved with revascularization alone.
Whether the sudden restoration of blood flow associated with renal artery stenting induces 'ischemia-reperfusion' injury in chronic RVD has not been well defined. Administration of an intravenous mitochondrial transition pore (MTP) inhibitor at the time of revascularization does indeed lead to improved recovery of renal vessels and function when studied a month later in the swine model [36 && ]. The fact that the MTP inhibitor administered just at the time of renal artery angioplasty was associated with improved renal microvascular structure, reduced apoptosis, and lower oxidative stress injury implies that sudden renal reperfusion may have triggered kidney injury.
CONCLUSION
In view of the of prospective treatment trials and studies of preserved kidney oxygenation, most clinicians now favor initiating relatively aggressive antihypertensive therapy, including agents that block the RAAS, and other measures to slow atherosclerosis for RVH. When blood pressure control is poorly achieved, when progressive loss of renal function is encountered, or when circulatory congestion is a prominent feature associated with stenosis to the entire functioning renal mass, many would argue that moving forward with renal revascularization offers an obvious therapeutic benefit. For patients with more severe vascular occlusion associated with overt tissue hypoxia and tissue inflammation, restoring renal blood flow in the main renal vessels sometimes fails to either recover kidney function or affect long-term outcomes. Further studies regarding the potential to reduce inflammatory injury and/or induce angiogenic repair within the microvessels of the kidney are fully warranted.
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